The serine/threonine-specific casein kinase I delta (CKId) is ubiquitously expressed in all tissues, is p53 dependently induced in stress situations and plays an important role in various cellular processes. Our immunohistochemical analysis of the human placenta revealed strongest expression of CKId in extravillous trophoblast cells and in choriocarcinomas. Investigation of the functional role of CKId in an extravillous trophoblast hybrid cell line revealed that CKId was constitutively localized at the centrosomes and the mitotic spindle. Inhibition of CKId with the CKI-specific inhibitor IC261 led to structural alterations of the centrosomes, the formation of multipolar spindles, the inhibition of mitosis and, in contrast to other cell lines, the induction of apoptosis. Our findings indicate that CKId plays an important role in the mitotic progression and in the survival of cells of trophoblast origin. Therefore, IC261 could provide a new tool in treating choriocarcinomas. Oncogene (2005) 24, 7964-7975.
Introduction
The placenta is unique in its ability to proliferate and invade into another tissue in a controlled fashion leading to the implantation and the survival of the conceptus. Thus, trophoblast cells, which have similarities to invasive metastatic cells (Yagel et al., 1988; Bischof and Campana, 2000) , are an interesting model for studying the role of signal cascades, which are necessary to induce proliferation, differentiation and invasion. Kinases play an important role in these tightly regulated processes (reviewed in Bamberger et al., 1997; Chakraborty et al., 2002) . In this context, the casein kinase I (CKI) family is of special interest, as members of this kinase family are involved in the regulation of proliferation, differentiation and migration processes (McKay et al., 2001; Maritzen et al., 2003; Okamura et al., 2004) .
Mammalian members of the CKI family of serine/ threonine kinases, which are highly conserved from yeast to mammals, include the a, b, g, d and e isoforms (Rowles et al., 1991; Graves et al., 1993; Fish et al., 1995; Zhai et al., 1995; Gross and Anderson, 1998; Knippschild et al., 2005) . These isoforms share a high degree of similarity within their kinase domains, are tightly regulated, are able to phosphorylate a wide spectrum of substrates and differ in tissue distribution and subcellular localization, suggesting an involvement in many different cellular processes (Tuazon and Traugh, 1991; Graves et al., 1993; Fish et al., 1995; Zhai et al., 1995; Zhang et al., 1996; Okamura et al., 2004) . While the participation of the yeast CKI homologs in the regulation of membrane transport (Murakami et al., 1999; Panek et al., 2000) , cell morphogenesis (Robinson et al., 1993) and DNA repair pathways (Dhillon and Hoekstra, 1994 ) is well characterized, the role of the mammalian CKI isoforms has only recently begun to be elucidated in detail. CKId as well as CKIe have been identified as key regulators of developmental processes due to their ability to influence the Wnt and Hedgehog pathways (reviewed in McKay et al., 2001; Vielhaber and Virshup, 2001; Kalderon, 2002) . Furthermore, CKId and several other CKI isoforms have been implicated in regulating apoptotic processes in certain cell types (Beyaert et al., 1995; Desagher et al., 2001; Izeradjene et al., 2004; Zhao et al., 2004) . The induction of CKId by the tumor suppressor p53 following genotoxic stress and its ability to phosphorylate p53 suggests a further role for CKId in mediating the effects of p53 on cell growth and genome integrity (Knippschild et al., 1996 (Knippschild et al., , 1997 . Additionally, the phosphorylation of tubulin and microtubuleassociated proteins points to a function of CKId in the regulation of microtubule dynamics and chromosome segregation (Behrend et al., 2000b) . Furthermore, CKId is able to interact with the centrosome (Behrend et al., 2000b; Milne et al., 2001) like CKIa (Brockman et al., 1992) . CKId has been shown to be expressed in several tissues, such as testis, ovary and pancreas. Changes in its expression level have been observed in various tumors, for example, in mamma carcinomas (Knippschild et al., 2005) and in B-lymphomas of p53À/À mice (Maritzen et al., 2003) .
The ATP-competitive inhibitor 3-[(2,4,6-trimethoxyphenyl)methylidenyl]-indolin-2-one (IC261, ICOS Corporation, USA) has been well characterized and shown to inhibit the CKI isoforms d and e specifically in the low micromolar range (Mashhoon et al., 2000) .
In the present study, the expression of CKId was investigated in the human placenta. Immunohistochemical analysis revealed high expression of CKId in extravillous trophoblast cells and choriocarcinomas, malignant tumors of trophoblast cells, suggesting a possible involvement of CKId in the regulation of the invasion capacity of trophoblast cells. For investigation of a functional role of CKId in placental cells, we used the trophoblast hybrid cell line AC1-M88, which was generated by fusion of extravillous trophoblast cells with Jeg3 choriocarcinoma cells (Funayama et al., 1997; Frank et al., 2000) . This hybrid cell line combines both, phenotypic characteristics of extravillous trophoblast cells with immortal behavior of tumor cells. Immunofluorescence analysis of this cell line revealed that CKId colocalizes with the mitotic spindle and both mitotic and interphase centrosomes. In extravillous trophoblast hybrid cells, inhibition of CKId by IC261 led to various centrosomal aberrations and to a mitotic delay due to defects in the formation of the spindle apparatus. In the cellular background of extravillous trophoblast cells, IC261 induced apoptosis. Therefore, our results suggest a significant role of CKId in mitotic progression and survival of cells of trophoblast origin, and provide a new target in treatment of choriocarcinomas.
Results

Immunohistochemical staining of CKId in normal placenta and choriocarcinomas
Immunohistochemistry was performed on paraffinembedded human placenta samples with the CKIdspecific polyclonal rabbit antiserum 108 as described in Materials and methods. Western blot analysis with purified CKI isoforms was performed to verify the specificity of the antiserum 108. GST-CKId was detected, whereas GST-CKIa and GST-CKIe fusion proteins were not recognized by the antiserum 108 (see Supplementary Figure 1 ). In addition, depletion experiments underlined the specific immunoreactivity of the antiserum 108 toward CKId in Western blot and immunohistochemical analysis (see Supplementary Figures 2 and 3) . Immunostaining of CKId in the human placenta revealed high cytoplasmic expression especially in extravillous trophoblast cells, which are present at the implantation site and invade the decidua and decidual vessels (Figure 1a-c) . In contrast, villous trophoblast cells (shown in Figure 1a , left side) showed only weak staining.
Strong expression of CKId was observed in about 80% of the cells in two of three analysed choriocarcinomas (shown in Figure 1d and e). In the third tumor, 40% of the cells had strong CKId staining (data not shown). In extravillous trophoblast hybrid cells (clone AC1-M88), immunocytochemistry showed also strong staining for CKId (Figure 1f ).
Subcellular localization of CKId in extravillous trophoblast hybrid cells AC1-M88
CKId has been shown to interact specifically with microtubules, centrosomes, membrane structures and transport vesicles (Behrend et al., 2000b; Milne et al., 2001) . To investigate the specific interaction of CKId with subcellular compartments in trophoblast cells, we used extravillous trophoblast hybrid cells and the CKIdspecific monoclonal antibody 128A (ICOS) for immunofluorescence analysis. In interphase cells, CKId was localized in the cytoplasm, especially in the perinuclear region and at the cell membrane (Figure 2a ). Double staining with the polyclonal pericentrin-specific serum 3120 (Martin-Subero et al., 2003) (a specific marker for the centrosome; see Supplementary Figure 4 ) clearly showed the colocalization of a subfraction of CKId with the centrosome (Figure 2b and c). Interestingly, in mitotic cells, CKId was additionally localized at mitotic spindle microtubules (Figure 2d-f ). This observation was proven by confocal laser scan microscopy ( Figure  2g -i).
The CKId/e-specific inhibitor IC261 induces centrosome amplifications, and defects in the formation of the spindle apparatus in extravillous trophoblast hybrid cells IC261 is a well-characterized kinase inhibitor, which inhibits specifically CKI isoforms d and e in a low micromolar range (Mashhoon et al., 2000) . Here, we investigated the effects of IC261 on extravillous trophoblast hybrid cells. After treatment of extravillous trophoblast hybrid cells with 1 mM IC261 for 12 h, the number of mitotic cells was highly increased (seen in phase contrast, data not shown). Immunofluorescence analysis of these cells revealed that CKId remained associated with centrosomal structures and spindle microtubules (Figure 3a -e), as seen in untreated cells (see Figure 2f ). Whereas centrosomes exhibited a compact dot structure in untreated cells, centrosomal alterations such as ring-shaped disruption of centro- Figure 2 Subcellular localization of CKId in AC1-M88 cells. To determine the subcellular localization of CKId, fixed AC1-M88 cells were incubated with the CKId-specific monoclonal antibody 128A (a, d, g ) and the pericentrin-specific polyclonal serum 3120 (b, e, h). DNA was visualized by DAPI staining (c, f). Epifluorescence microscopy of interphase extravillous trophoblast hybrid cells (a-c) revealed that CKId is mainly located in the cytoplasm around the nucleus, at the plasma membrane and at the centrosomes. In mitotic AC1-M88 cells (d-f), we found CKId located at the centrosomes and at the spindle microtubules. Costaining with pericentrin (c, f, i) clearly demonstrates the centrosomal localization of CKId in the superimposition. Laser scan microscopy of extravillous trophoblast hybrid cells (g-i) revealed more clearly the specific interaction of CKId with the spindle apparatus somes and multiple centrosomes were observed in most of the mitotic arrested cells 12 h after IC261 treatment. To investigate the induced spindle defects, double staining of microtubules and centrosomes was performed using a monoclonal anti-b-tubulin antibody and the pericentrin-specific serum 3120, respectively. In IC261-treated AC1-M88 cells, centrosomal amplifications and multipolar spindle formations (Figure 3g) , as well as a double spindle apparatus with double metaphase arranged chromosomes (Figure 3h and i), were observed. Furthermore, several chromosomes of IC261-treated cells were not arranged in metaphase compared to untreated cells (Figure 2f ). Instead, some chromosomes seemed to be only attached to microtubules from one spindle pole, and were located in a ring-shaped peripheral location outwards of one spindle pole (Figure 3c-e) . Although amplification of spindle poles has been observed before in other cell types (Behrend et al., 2000a) , disruption of the centrosomal structure and semiattached chromosomes were only observed in extravillous trophoblast hybrid cells (also observed in the AC1-M59 cell line, data not shown). To compare the effects of the kinase inhibitor IC261 with the spindle poison nocodazole, AC1-M88 cells were treated with 0.4 mM nocodazole for 12 h, and both CKId and pericentrin were visualized as described before. Treatment with nocodazole led to complete disruption of the spindle (superimposition of the CKId, pericentrin and 4,6-diamidine-2-phenylindole hydrochloride (DAPI) staining; Figure 3f ). As the localization of CKId at the centrosomes was not affected by treatment with nocodazole, centrosomes were located asymmetrically within the cytoplasm and the DNA was clustered unarranged throughout the cell. In contrast to IC261 Figure 3 The CKI inhibitor IC261 induces mitotic arrest, spindle defects and centrosome amplification in AC1-M88 cells. AC1-M88 cells were treated with the CKId/e-specific kinase inhibitor IC261 for 12 h and fixed. The CKId-specific monoclonal antibody 128A, the pericentrin-specific polyclonal antiserum 3120 and an b-tubulin-specific monoclonal antibody were used to detect CKId (a, c-f), pericentrin (b-i) and b tubulin (g-i), respectively. Epifluorescence microscopy of IC261-treated AC1-M88 cells (a-e, g-i) shows mitotic arrested cells with defects in the formation of the spindle apparatus (d, e: magnification of c). Disruption of the centrosome (b-e), centrosomal amplifications and multipolar spindle formations (g), and double spindle apparatus with double metaphase arranged chromosomes (h, i) were found in IC261-treated AC1-M88 cells. Alterations in chromosome arrangement could be observed in IC261-treated cells (c-e, g-i). In nocodazole-treated cells (f), the disruption of the spindle apparatus led to different effects compared to those of IC261
CKId in mitosis and apoptosis of trophoblasts M Stöter et al treatment, we could not detect centrosome amplifications or defects in the centrosomal structure in nocodazole-treated cells.
Effects of IC261 on the cell cycle of extravillous trophoblast hybrid cells
To analyse the cell cycle effects of IC261 on extravillous trophoblast hybrid cells (AC1-M88), cells were treated with IC261 (1 mM) for 12, 24 or 48 h, fixed and stained with propidium iodide (PI) for flow cytometrical analysis. As shown in Figure 4 , treatment of AC1-M88 cells with IC261 resulted in a strong increase of G2/M cells after 12 h (Figure 4b ). Interestingly, expanded IC261 treatment resulted in cell death indicated by the growing population with a sub-G1 DNA content starting at 24 h (Figure 4c and d) . After 48 h, almost all IC261-treated cells were dead (also visible as cellular debris in phase contrast, data not shown). Treatment of cells with solvent alone (control, 0.004% DMSO) had no effect on the cell cycle progression and the viability of AC1-M88 cells (data not shown). It has been shown that effects of IC261 are influenced by the tumor suppressor p53 (Behrend et al., 2000a) . To compare the behavior of AC1-M88 cells with wellcharacterized, wild-type (wt) p53-expressing cells, CV-1 cells were treated with IC261 and the cell cycle distribution was analysed by flow cytometry ( 
IC261 induces apoptosis in extravillous trophoblast hybrid cells
Upon IC261 treatment, AC1-M88 cells first accumulated in the G2/M phase and finally died after 48 h. To investigate in detail the mechanism of cell death, necrosis or apoptosis, several approaches were performed. Since cleaved caspase-3 (p17 þ p19) is an apoptotic marker of the active processed effector caspase-3, a monoclonal anti-cleaved caspase-3 antibody was used to detect cleaved caspase-3 in Western blot analysis. After treatment of cells with IC261, cleaved caspase-3 was detectable in AC1-M88 cells but not in CV-1 cells (Figure 5a ). Furthermore, analysis of IC261-treated AC1-M88 cells at various time points using annexin V-FITC (a marker for early apoptosis) revealed a rising number of annexin V-positive AC1-M88 cells within the first 24 h (data not shown). In addition, IC261-treated AC1-M88 cells were prepared and analysed by flow cytometry according to the method described by Nicoletti et al. (1991) to quantify apoptotic cells. Upon IC261 treatment, the amount of apoptotic AC1-M88 cells rose from approximately 15% (24 h after treatment) to 45% (48 h after treatment) (Figure 5b ). To visualize mitotic arrested cells and morphological changes during IC261-induced apoptosis in vivo, a stably expressing GFP-histon2B extravillous trophoblast hybrid cell line was established (AC1-M88 720 D1; see Materials and methods). Upon IC261 treatment, this cell line showed the same type of defects in the arrangement of metaphase chromosomes and the same behavior in flow cytometry as the parental cell line AC1-M88 ( Figure 6 , and data not shown). A representative example of a time course (21-35 h) of IC261-treated AC1-M88 720 D1 cells is shown in Figure 6 . Mitotic arrested cells (21 h) undergo apoptosis, indi- cated by cell shrinkage, membrane blebbing, DNA condensation and typical appearance of apoptotic bodies (35 h) (see also online movie, Supplementary Figure 5 ). In two of these experiments, 113 single cells were analysed (Figure 7a ). During the observation period, 50 of these cells were arrested in prometaphase.
Only nine cells were able to finish cell division through cytokinesis, but all ended up in apoptosis. A total of 31 cells exited mitosis without cytokinesis and 26 of these became apoptotic in the observed time period. A total of 56 cells were in interphase during the observation time and 23 of these became apoptotic. Another experiment showed that all interphase cells undergoing apoptosis before had slipped mitosis (data not shown). No apoptosis was observed within the first 21 h of IC261 treatment, and other experiments showed that mitotic slippage of each mitotic arrested cell occurred approximately 12 h after entry into mitosis (data not shown). Most of the analysed cells died upon IC261 treatment between 24 and 34 h (Figure 7b ). Taken together, these data suggest that the induction of apoptosis after treatment of AC1-M88 cells with IC261 is the consequence of mitotic failure.
p53 status of extravillous trophoblast hybrid cells
The observed differences between CV-1 and AC1-M88 cells upon CKI inhibition could be related to differences in their cellular background. One factor that influences IC261-mediated effects is p53 (Behrend et al., 2000a) . Therefore, we investigated the p53 status of AC1-M88 cells and their ability to induce the p53 target genes mouse double minute 2 (mdm2) and p21. AC1-M88 cells and wt p53-expressing CV-1 cells were g-irradiated with 5 Gy and protein levels of p53, mdm2 and p21 were analysed by Western blot analysis at different time points, using a rabbit anti-p53 antibody, the mdm2-specific monoclonal antibody 2A10 and the monoclonal anti-p21 antibody SX118, respectively ( Figure 8a ).
Results from different experiments were quantified with TINA software. p53 protein level of CV-1 cells was increased ninefold 8 h after g-irradiation, whereas AC1-M88 cells showed nearly no elevation of their p53 protein level after g-irradiation. The protein levels of the p53 target genes mdm2 and p21 in CV-1 cells were increased six-and 21-fold, respectively, 8 h after girradiation. However, in AC1-M88 cells upon g-irradiation, mdm2 levels were upregulated fourfold and p21 protein levels were increased fivefold. These results underline that p53 is transcriptionally active in AC1-M88 cells. In addition, immunofluorescence analysis of g-irradiated cells led to a nuclear accumulation of p53 in both CV-1 and AC1-M88 cells, indicating that p53 could be functional as a transcription factor in both cell lines (Figure 8c ). The quantification of p53 protein levels of untreated AC1-M88 and CV-1 cells revealed that AC1-M88 cells had a highly increased p53 protein level compared to CV-1 cells (Figure 8b ). In both cell lines, the p53 protein levels were increased 36 h after treatment with IC261. Taken together, these results clearly demonstrate that extravillous trophoblast hybrid cells express high levels of functional wt p53. In addition, genomic analysis of AC1-M88 cells and sequencing of the p53 gene revealed for both alleles wt p53 sequences with heterozygote codons 72 and three other variations in intron 4 (data not shown). This common single nucleotide polymorphism in exon 4 results in an expression of either arginine (Arg) or proline (Pro) at codon 72. It has been shown that these two p53 variants are not functionally equivalent (Thomas et al., 1999) . Whereas p53Pro72 is a stronger transactivator, p53Arg72 has better abilities to induce apoptosis. However, the role of p53 in modulating IC261-induced effects differently has to be elucidated in detail. 
Influence of IC261 on the protein levels of different CKI isoforms
To investigate the expression of different CKI isoforms in AC1-M88 and CV-1 cells, lysates from untreated, g-irradiated or IC261-treated cells were analysed by Western blot (Figure 9 ). CKIa was hard to detect, but was present in both cell types. Treatment of cells with IC261 or g-irradiation had only minimal effect on its expression level. Interestingly, the CKId protein level was increased upon IC261 treatment. However, it decreased again in AC1-M88 cells at later time points. Similarly, the CKIe protein level increased after IC261 treatment. In general, the CKIa expression levels were comparable in both cell types, whereas the CKId and e expression levels were elevated in AC1-M88 cells compared to CV-1 cells (Figure 9c) . Additionally, the influence of IC261 on the expression levels of other proteins linked to CKId was analysed. Interestingly, treatment of cells with IC261 decreased the p53 protein levels in the first 3 h, but increased in both cell lines at later time points (see also Figure 8b ). Similarly, upon IC261 treatment, the expression level of the p53-induced protein mdm2 first decreased and then increased. However, p21 was detectable 12 h after IC261 treatment in CV-1 cells, but not in AC1-M88 cells even at later time points. This observation is in line with data showing a postmitotic G1 cell cycle arrest in CV-1 cells, on the one hand, and the induction of apoptosis in AC1-M88 cells, on the other hand. Immunofluorescence analysis of AC1-M88 cells revealed that CKId is localized in the cytoplasm at the centrosome and in the perinuclear region of interphase cells. The localization of CKId around the nucleus has been investigated in other cell lines (Behrend et al., 2000b; Milne et al., 2001) . However, the association of CKId with membrane structures of the endoplasmic reticulum, Golgi or trans-Golgi network has yet to be clarified. The cytoplasmic granular staining of CKId in trophoblast cells indicates an association with vesicles and a possible regulatory role of CKId in vesicle trafficking processes in trophoblast cells. Such an involvement of CKId in vesicle transport has been investigated in yeast and mammals; nevertheless, the physiological function is little understood (Murakami et al., 1999; Behrend et al., 2000b; Marchal et al., 2002) .
In extravillous trophoblast hybrid cells, we found CKId to be constitutively associated with centrosomes. In other cell types, colocalization of CKId with centrosomes was restricted to interphase (Milne et al., 2001) or to mitosis upon cellular stress (Behrend et al., 2000b ). An association of CKId with spindle microtubules was, as well, restricted to genotoxic stress. In AC1-M88 cells, CKId is constitutively associated with mitotic spindles, which supports the suggested role of CKId in regulating spindle microtubule dynamics (Behrend et al., 2000b) .
The inhibition of CKId through IC261 (Mashhoon et al., 2000) induced a variety of centrosome and spindle defects in AC1-M88 cells, which have not been described before. Amplifications of centrosomes and formation of a multipolar spindle apparatus have been also observed in murine C57-MG cells (Behrend et al., 2000a) . However, in addition, we found a ring-shaped disruption of the centrosomes, a dual spindle apparatus, defects in the bipolar attachment of chromosomes and failure in the metaphase arrangement of chromosomes in IC261-treated AC1-M88 cells, which points to an important role of CKId in centrosome amplification, formation of the spindle apparatus and chromosome segregation. The correct execution of the centrosome duplication cycle is important for the formation of the bipolar mitotic spindle and the proper segregation of Figure 8 Analysis of p53 functions in extravillous trophoblast hybrid cells. AC1-M88 cells and CV-1 (as a control for wt p53-expressing cells) were g-irradiated with 5 Gy. At the indicated time points, cells were lysed, and p53, mdm2 and p21 protein levels were detected by Western blot analysis using a p53-specific polyclonal antiserum (SAPU), the mdm2-specific monoclonal antibody 2A10 and the p21-specific antibody SX118 (Pharmingen), respectively. bActin was detected as a loading control (AC-15; Sigma). (Bornens and Moudjou, 1999; Urbani and Stearns, 1999; Zimmerman et al., 1999) . The discovery of centrosome hypertrophy or centrosome amplification in cells of a variety of human tumor cells directly correlates with aneuploidy and may contribute to the development of tumors (Lingle et al., 1998; Pihan et al., 1998; Ghadimi et al., 2000) .
Our flow cytometrical analysis clearly reveals that AC1-M88 cells arrest in G2/M after 12 h IC261 treatment and die within the next 36 h. So far, it has been reported that the tumor suppressor p53 is a factor that modulates the cellular response to IC261 (Behrend et al., 2000a) . Inhibition of CKId in wt p53-expressing mouse embryo fibroblasts resulted in a 'G1-like' (4N) arrest, whereas mutant p53-expressing cells and p53 null cells show endoreduplication and aneuploidy (Behrend et al., 2000a) . However, the induction of apoptosis by IC261 has never been observed before. Therefore, we analysed the p53 functions in AC1-M88 cells and compared them with those of wt p53-expressing CV-1 cells. Our results indicate (i) the correct localization of p53 in the nucleus of AC1-M88 cells, (ii) a high expression level of p53, which only slightly increased upon g-irradiation, and (iii) the transactivation of the p53 target genes p21 and mdm2 upon g-irradiation. Furthermore, our preliminary data showed furthermore that, upon IC261 treatment, AC1-M88 cells, in which p53 was knocked down by an adenoviral expression system, behave like cells expressing mutant or no p53 (data not shown). Taken together, these experiments provide strong evidence that extravillous trophoblast hybrid cells express functional wt p53. Finally, genomic sequencing confirmed that AC1-M88 cells exhibit wt p53 and is heterozygote at codon 72 in exon 4. The two polymorphic variants of p53 have been shown to have different biological properties (Thomas et al., 1999; Dumont et al., 2003; Pim and Banks, 2004) . However, IC261 treatment of AC1-M88 cells led to cell death by apoptosis. Therefore, the cellular background of extravillous trophoblast hybrid cells seems to play an important role in the induction of apoptosis upon IC261 treatment, but the role of p53 in the response to IC261 treatment has yet to be clarified in detail.
The proof of cleaved caspase-3 22 h after IC261 treatment gives evidence for the activation of the programmed cell death in AC1-M88 cells. The molecular basis and a possible involvement of the CKI substrate Bid (Desagher et al., 2001) in this process has still to be investigated. However, treatment of cells with IC261 seems to influence the protein levels of several proteins. CKId and CKIe are upregulated quickly upon IC261 treatment, which could be a cellular response to compensate the inhibition of these two kinases. Reduced degradation, transcriptional activation and/or a higher protein synthesis could explain this phenomenon, but it still has to be investigated in detail. However, the strong influence of IC261 on the protein levels of CKId and CKIe could reflect the high specificity of IC261 toward these two isoforms, which is much lower toward CKIa. Interestingly, in both analysed cell lines, p53 and mdm2 were downregulated in the first hours of IC261 treatment, but accumulated at later time points. The modification of p53 and mdm2 by phosphorylation through CKId was shown by different groups (Knippschild et al., 1997; Dumaz et al., 1999; Sakaguchi et al., 2000; Winter et al., 2004) , but the influence of CKIdmediated phosphorylation on the interplay of both proteins within the cell is only partly understood.
Results from video time-lapse microscopy and flow cytometry show that AC1-M88 cells undergo apoptosis mainly between 24 and 36 h after IC261 treatment, probably due to mitotic failure. Most of mitotic cells exited mitosis without cytokinesis, a process that is termed mitotic slippage. Similarly, in HeLa cells, mitotic slippage occurred 24-36 h after treatment with spindle poisons (Ling et al., 1998) . After treatment with IC261, 26 of 31 AC1-M88 cells (84%) slipped through mitosis and ended up in apoptosis within the next few hours. Cells that were observed to undergo apoptosis from the interphase have probably slipped mitosis before the observation time. This hypothesis was proven by an additional experiment showing that all apoptotic interphase cells had slipped mitosis before (data not shown). Thus, apoptosis induced by IC261 seems to be a consequence of mitotic failure.
In summary, these results support the idea that CKId plays essential roles in maintaining the integrity of the cell cycle progression and in separation of the chromosomes during mitosis. Here, we report for the first time that the CKId/e-specific inhibitor IC261 induces apoptosis in the cellular background of extravillous trophoblast/choriocarcinoma hybrid cells. This fact suggests investigating this kinase inhibitor as a potential drug in the treatment of choriocarcinoma.
Materials and methods
Tissue selection
The tissue material was selected after histological review from the files of the Department of Gynecopathology, University Hospital Eppendorf, Hamburg, Germany. Only normal placentas have been included. For immunohistochemistry, specimens that have been routinely fixed in 4% buffered formalin and embedded in paraffin were used. A total of 18 placental samples were analysed, including four first trimester, seven second trimester, five third trimester placentas as well as three choriocarcinoma.
Antibodies and production of antibodies
The CKId-specific peptide HSRNPATRGLPSTDSGC (human and rat CKId-specific C-terminal sequence, peptide 108) was coupled to KLH for the first, to bovine serum albumin for the second and to ovalbumin for the third immunization. For the immunization of rabbits, the coupled peptide emulsified in an equal volume of complete (first immunization) or incomplete (subsequent immunizations) Freund's adjuvant (Gibco Laboratories) was used for subsequent subcutaneous injections in rabbits. Test bleed of each animal was taken 10 days after each boost, and after three to four boosts the animals were bled out. For immunohistochemistry, the CKId-specific antiserum 108 was used. Specificity of antiserum 108 was proved by Western blot analysis using GST-CKI fusion proteins (GST-CKIa (FP296), GST-CKIe (three different clones FP423, FP454 and FP455), GST-wtCKId (FP449, two different purifications), GST-mtCKId K38R (FP665), GSTCKId 305À375 (FP888, containing the sequence of the CKId peptide 108 (aa 317-333) that was used for generation of antiserum 108) and the GST-p53 1-64 protein (FP267)). The plasmid construction and the expression and purification of these proteins are described in detail elsewhere (Knippschild et al., 1997; Behrend et al., 2000a) (plasmids except FP888 were kindly provided by David Meek, Scotland, UK). For immunofluorescence analysis, the CKId-specific monoclonal antibody 128A (kindly provided by ICOS Corporation, Washington, USA), a monoclonal antibody against b-tubulin (Boehringer, Germany), the pericentrin-specific serum 3120 (Martin-Subero et al., 2003) and rabbit the anti-p53 antibody (SAPU, Scotland, UK) were used. In addition, for Western blot analysis, monoclonal anti-b-actin antibody (AC-15; Sigma), rabbit monoclonal antibody anti-cleaved caspase-3 (Asp175, 5A1; Cell Signaling), monoclonal antibody anti-p21 (clone SX118; Pharmingen), goat anti-CKIa antibody (N-19; Santa Cruz), goat anti-CKId antibody (R-19; Santa Cruz), mouse anti-CKIe antibody (Becton Dickinson) and monoclonal antibody anti-mdm2 (clone 2A10, prepared as culture supernatant from hybridoma cells) were used.
Immunohistochemistry and cytochemistry
Deparaffined sections were stained with hematoxylin and eosin according to standard laboratory procedures. Also, staining with cytokeratin 7 (DAKO Diagnostika, Hamburg, Germany) was performed to identify extravillous trophoblast cells.
For CKId immunostaining, an indirect immunoperoxidase method was used. Shortly, for antigen retrieval, deparaffined sections were treated with a commercial 'Target Unmasking Fluid' (TUF, DAKO) at 981C in a microwave oven. Incubation with primary polyclonal rabbit anti-CKId antiserum 108 (1 : 400 diluted) was carried out overnight at 41C for both tissue sections and fixed extravillous trophoblast hybrid cells. Specifically bound antibodies were detected using a highly sensitive peroxidase-and polymer-conjugated goat antirabbit Ig detection system (Envision, DAKO Diagnostika). Peroxidase activity was revealed by the diaminobenzidine technique (DAB plus Kit, DAKO Diagnostika). Finally, sections were counterstained with hemalaum and permanently coverslipped.
Extravillous trophoblast hybrid cells
Human extravillous trophoblast cells irreversibly leave the cell cycle and die when isolated from its natural extracellular matrix. Therefore, we have employed the cell line AC1-M88, an immortal, invasive extravillous trophoblast cell line, for in vitro experiments. This cell line was generated by fusion of extravillous trophoblasts with AC1-1, a mutant of the choriocarcinoma cell line Jeg-3 (Funayama et al., 1997; Frank et al., 2000) . Cells were grown in DMEM (CV-1) or DMEM/ F-12 (AC1-M88) medium (both Gibco) supplemented with 10% fetal calf serum (FCS; Biochrom) at 371C in a humidified 5% CO 2 atmosphere. Where indicated, cells were g-irradiated with 5 Gy and harvested at the given time points for Western blot analysis, treated with 1 mM IC261 or 0.4 mM nocodazole for 12 h and fixed for immunofluorescence analysis, or treated with 1 mM IC261 and fixed for flow cytometrical analysis or lysed for Western blot analysis at the indicated time points. IC261 was synthesized as described by Mashhoon et al. (2000) . IC261 and nocodazole were dissolved in DMSO as stock solutions (25 and 10 mM, respectively), and control cells were treated with 0.004% DMSO. For immunocytochemistry, the cells were grown on coverslips and were treated with methanol (À201C) for 5 min, followed by acetone (À201C) for 20-30 s prior to being used for immunocytochemical detection as described above.
Sequence analysis of p53
Genomic DNA of AC1-M88 cells was isolated by lysing 1 Â 10 7 cells in 2 ml buffer containing 10 mM Tris, pH 8.0, 0.5% SDS and 200 mg/ml proteinase K. Lysates were shaken overnight at room temperature, followed by phenol, phenol/ chloroform and chloroform extraction, and precipitation of genomic DNA with an equal amount of 2-propanol. Genomic DNA was resolved in water and the concentration was determined photometrically. Sequence analysis of the p53 gene (exons 4-10) was carried out by Labor ReisingAckermann & partners (Leipzig, Germany).
Generation of stable GFP-histon2B-expressing cell line AC1-M88 720 D1 Subconfluent AC1-M88 cells were transfected with Effectene (Quiagen) according to the company's manual with a vector (pBOS) containing GFP-histone2B under the control of the EF1a promoter (BD PharMingen). Cells were expanded 1 : 5 onto new plates on day 1 and cultivated in medium containing 5 mg/ml blasticidin (Invitrogen) from day 2 on after transfection. After 2-3 weeks, blasticidin-resistant colonies were analysed under a fluorescence microscope (Olympus XI-81) at 488 nm for expression of GFP-histone2B. Several colonies (clones) were isolated and expanded, which fulfilled the following criteria: moderate and equal expression level of GFP-histon2B of all cells, correct localization of fluorescent protein (chromatin), and morphology and growth/cell culture behavior similar to the parental cell line. Since flow cytometry and fluorescence analysis did not reveal any differences in the behavior of clone D1 compared to the parental cell line, this clone was used for further experiments in video time-lapse microscopy. Therefore, cells were cultured in a flow-through chamber (Bioptechs, USA) at 371C in phenol red-free DMEM/ F-12 supplemented with 15 mM HEPES and 10% FCS under approximately 1 ml/h medium flow rate. Cells were visualized up to 48 h and images were taken with the Cell^R imaging and software system (Olympus BioSystems).
Immunofluorescence microscopy
Cells used for the immunofluorescence microscopy were grown on coverslips, washed twice in PBS and fixed in methanol for 10 min at À201C. Fixed cells were washed in PBS and blocked with 0.2% gelatin in PBS for 1 h followed by incubation with primary antibodies for 45 min. After washing with PBS, secondary antibodies were bound for 30 min using Alexa 488 as an anti-rabbit and Alexa 568 as an anti-mouse antibody (Molecular Probes, USA). DNA was visualized by DAPI staining (10 min; 0.1 mg/ml). For annexin V staining, cells on coverslips were incubated with annexin V solution (BoehringerMannheim) for 10 min and then washed and fixed as described above. Epifluorescence microscopy was performed using a Leica Â 63/1.4 oil immersion objective on a Leica DM-R microscope using a high-resolution digital camera system (Diagnostic Instruments, Intas, Germany) or with a Leica DM-IRS microscope equipped with a confocal imaging system (TCS NT-Version).
Western blot analysis
Cells were washed in ice-cold PBS and extracted for 30 min with a buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 0.5% NP-40, 1 mM EDTA, 1 mM EGTA, 50 mM leupeptin and 30 mg/ml aprotinin. Lysates were cleared by centrifugation at 15 000 g for 30 min and protein concentrations were determined using the 'BCA Protein Assay Kit' (Pierce, USA). Proteins were denatured in sodium dodecyl sulfate (2%) containing sample buffer and same total protein amount was loaded (40-80 mg/lane). After separation on SDSpolyacrylamide gels, proteins were transferred onto a nitrocellulose membrane (Hybond C super, Amersham Pharmacia, Germany). The membranes were probed with specific antibodies. Immunocomplexes were detected using horseradish peroxidase conjugated either with anti-rabbit or anti-mouse IgG followed by chemiluminescence detection (ECL, Amersham, Germany). Where indicated, exposures from different experiments were analysed and quantified with 'TINA 2.09' software.
Flow cytometry
For flow cytometry analysis, approximately 1 Â 10 6 cells (nonadherent cells were previously collected by centrifugation (500 g, 5 min, 41C)) were treated with trypsin, washed with 41C PBS þ 0.1% (w/v) EDTA and fixed in ice-cold 80% ethanol followed by incubation for 15 min on ice and subsequently overnight at À201C. To perform cell cycle analysis, cells were washed in PBS and stained with 50 mg/ml PI (Sigma) and 10 mg/ml RNase (Fluka) in PBS at 371C for 30 min. Analysis was performed on a Coulter Epics XL-MCL flow cytometer (Beckmann Coulter), counting 10 000 events per experiment. Detection of DNA fragmentation with PI as a fluorescent indicator was carried out according to Nicoletti et al. (1991) . Briefly, cells were trypsinized, washed with PBS and resuspended in fluorochrome solution (50 mg/l PI, 0.1% sodium citrate, 0.1% Triton X-100). Cells were analysed after overnight incubation (41C, in the dark) using a FACScan flow cytometer (Becton Dickinson, Belgium) and the FL3 channel set for log scale. For quantification, CellQuest Software was used.
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